We investigated whether changes in memory or static balance in chronic alcoholics, occurring with abstinence or relapse, are associated with changes in lateral and fourth ventricular volume. Alcoholics meeting DSM-IV criteria for Alcohol Dependence (n = 15) and non-alcoholic controls (n = 26) were examined twice at a mean interval of 2 years with standard Wechsler Abbreviated Scale of Intelligence (WASI), Wechsler Memory Scale-Revised (WMS-R) tests, an ataxia battery, and structural MRI. At study entry, alcoholics had been abstinent on average for over 4 months and achieved lower scores than controls on WASI General IQ Index, WMS-R General Memory Index, and the ataxia battery. The 10 alcoholics who maintained sobriety at retest did not differ at study entry in socio-demographic measures, alcohol use, or WASI and WMS-R summary scores from the five relapsers. At followup, abstainers improved more than controls on the WMS-R General Memory Index. Ataxia tended to improve in abstainers relative to controls. Associations were observed between memory and lateral ventricular volume change and between ataxia and fourth ventricular volume change in alcoholics but not in the controls. Both memory and ataxia can improve with sustained sobriety, and brain-behavior associations suggest selective brain structural substrates for the changes observed.
Introduction
Chronic excessive alcohol use can impair a range of cognitive and motor functions (Tarter and Ryan, 1983; Parsons, 1987b; Fein et al., 1990; Nixon, 1993; Sullivan et al., 2000d) , but recovery of some of these functions can occur with sobriety (Brandt et al., 1983; required for formation of new memories (for review see, Gabrieli, 1998) . Deficits in such strategic memory tasks can occur with chronic alcoholism (Brandt et al., 1983; Rourke and Grant, 1999; Munro et al., 2000; Sullivan et al., 2000d Sullivan et al., , 2002 Fama et al., 2004) ; for reviews, see Parsons, 1987b; Riege, 1987; Oscar-Berman and Marinkovic, 2003) but can also recover with abstinence (Parsons, 1987a; Fein et al., 1990 Fein et al., , 2006 . Memory tasks that do not require strategic search through encoded material but instead rely on selection of a correct item from a given set, such as word recognition, are typically spared in uncomplicated alcoholism (Salmon et al., 1986; Oscar-Berman and Pulaski, 1997; Sullivan et al., 1997 Sullivan et al., , 2000d .
There is no consensus on the nature, extent, or course of recovery of memory processes requiring strategic search. One study (Bates et al., 2005) found a clinically significant, moderate effect size for change in memory in a large sample of alcoholics retested 6 weeks after entering treatment, whereas another (Mann et al., 1999) found no evidence for treatment-related improvements in memory tests after a comparable interval in a sample of 49 alcoholic men even though improvement occurred in other functional domains. Cross-sectional studies have shown that alcoholics sober for several months (Sullivan et al., 2000d (Sullivan et al., , 2002 Meyerhoff, 2005; Rosenbloom et al., 2005) , 1 year (Hochla et al., 1982; Parsons et al., 1990; Munro et al., 2000; Rosenbloom et al., 2004) , or as long as 7 years (Brandt et al., 1983) may still show memory deficits relative to non-alcoholic controls. However, other cross-sectional studies have shown that performance on memory tests is related to length of abstinence (Joyce and Robbins, 1993; OscarBerman et al., 2004) , and that alcoholics sober for more than 4 years are undistinguishable from controls on memory testing (Grant et al., 1984; Reed et al., 1992; Oscar-Berman et al., 2004; Fein et al., 2006) . Furthermore, a longitudinal study showed memory improvement relative to baseline after 4 years of abstinence (Rosenbloom et al., 2004) .
In addition to demonstrating fragility in strategic memory processes of the type served by frontal and medial temporal lobe brain systems, alcoholics commonly exhibit impaired static posture, owing to disruption of selective cerebellar systems (Gilman et al., 1990; Sullivan et al., 2000a Sullivan et al., , 2006 . Although partial functional recovery of balance can occur with sobriety (Diener et al., 1984) , it may take years to manifest (Rosenbloom et al., 2004) . Structural brain volume deficits in chronic alcoholism include reduction in cortical gray and white matter volume and enlargement of lateral ventricles. Some of these abnormalities reverse with abstinence (Ron et al., 1982; Carlen et al., 1984; Shear et al., 1994; Pfefferbaum et al., 1995; O'Neill et al., 2001; Gazdzinski et al., 2005; Meyerhoff, 2005) . Observed associations between longitudinally detected change in brain structure and in memory with abstinence (Sullivan et al., 2000c) suggest that these gross morphological brain changes may have functional significance. Demonstration of such relationships is not always forthcoming, although association between improvement in cognitive performance and MRI-detected levels of spectroscopic measures of tissue integrity have recently been reported (Durazzo et al., 2006) .
Given the relevance of functional recovery in the human alcoholic condition, the challenge of retaining alcoholics in longitudinal study, and the relative dearth of clinical reports on this issue, repeated measures findings based even on small samples can contribute to our knowledge of the scope and limits of human neural plasticity following years of excessive drinking. Indeed, we recently demonstrated the value of longitudinal over cross-sectional analysis to detect small brain changes in small subject samples (Rohlfing et al., 2006) . Here we report on change over 2 years in performance on standardized tests of memory, intelligence, and ataxia and relate observed changes to morphometrically measured change in the lateral ventricles and the fourth ventricle. Greater volume of the lateral ventricles, which impinge on a number of cortical regions and subcortical structures, has been associated with less volume of cortical gray and white matter as well as of basal ganglia in alcoholics (cf, Symonds et al., 1999) . The fourth ventricle, located anterior and adjacent to the cerebellum, is not typically reported to be greater in alcoholics than controls (cf, Sullivan et al., 2000b) but associations between fourth ventricle and cerebellar vermis volumes have been reported in fragile-X patients (Aylward and Reiss, 1991) , supporting use of volume change in this structure as a surrogate for change in the volume of the cerebellar vermis.
Methods

Subjects
Presented in this report is a subset of alcoholics (12 men, 14 women) and controls (8 men, 7 women) from a previously described sample (Rosenbloom et al., 2005; Pfefferbaum et al., 2006a,b) who returned for follow-up testing on average after 22 ± 6 months. The sample included five non-Caucasian participants (4 controls and 1 alcoholic). Other group characteristics are summarized in Table 1 . The study was approved by the Institutional Review Boards at Stanford University School of Medicine and SRI International. All subjects gave written informed consent after the nature of the study and procedures were fully explained to them and received a modest stipend for their participation. Subjects were then evaluated using a formal psychiatric interview (Structured Clinical Interview for the DSM- IV, SCID) (First et al., 1998) , a semi-structured assessment of lifetime alcohol consumption (Skinner, 1982; Skinner and Sheu, 1982; Pfefferbaum et al., 1992) , and a variety of instruments to assess medical history, family history of alcoholism (positive if subject identified any primary relative with "problem drinking"), socioeconomic status (SES) (Hollingshead and Redlich, 1958) , handedness (Crovitz and Zener, 1962) , and smoking history (Heatherton et al., 1991) . Alcoholics, initially tested after periods of sobriety ranging from 3 weeks to 2 years (median = 6 weeks), met DSM-IV criteria for Alcohol Dependence. Controls did not meet criteria for any lifetime or current Axis I diagnosis and had never drunk more than 4 (men) or 3 (women) standard drinks a day over an extended period (1 month). No subject had a history of schizophrenia or bipolar disorder, significant liver disease, major medical or neurological illness, head injury involving loss of consciousness for more than 30 min, or current (in past 3 months) illicit drug use. All but 3 of the alcoholic patients had a lifetime diagnosis of either Depression, Anxiety, or Substance use disorders and 8 were currently taking anti-depressants. However, only 3 of them currently met criteria for an Axis I disorder.
At follow-up, the semi-structured alcohol consumption interview was re-administered to document quantity and frequency of drinking since last assessment and length of current sobriety. Ten alcoholics were classified as Abstainers and five were classified as Relapsers based on self-report. The Abstainers had been sober on average for almost 2 years and included two who reported one or two drinks on a single occasion, and one person who had been sober for 2.5 years after a significant lapse (75 drinks in a week). The Relapsers had been sober on average for 80 days at time of test (ranging from 2 to 181 days) and had drunk quantities ranging from 11 to over 3000 drinks.
Neuropsychological assessments
Tests at baseline and follow-up included the National Adult Reading Test (NART) (Nelson, 1982) , Mini Mental State Exam (MMSE) (Folstein et al., 1975) , Dementia Rating Scale (Mattis, 1988) , Wechsler Memory Scale-Revised (WMS-R) (Wechsler, 1987) , Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999) and Walk-a-Line ataxia battery (Fregly et al., 1972) . The ataxia battery consists of three tasks, each performed first with eyes-open and then eyesclosed: stand heel-to-toe with arms folded across the chest for 60 s; walk heel-to-toe for 10 steps; and stand on one foot at a time for 30 s. Each condition was repeated twice, unless a perfect performance was demonstrated on the initial trial, in which case a subject received a perfect score. Two composite scores, reflecting performance with eyes-open and eyes-closed were computed for this analysis (Sullivan et al., 2000c) .
Brain imaging
Each subject underwent MRI brain imaging at baseline and follow-up, each within a week of neuropsychological testing. SPoiled Gradient Recalled (SPGR) echo volumetric acquisitions of 94 slices, each 2 mm thick with no inter-slice spacing, were collected in the coronal plane (T R = 25 ms; T E = 5 ms, flip angle = 30°, matrix = 256 × 192, and reformatted to pixel size 0.9375 × 0.9375 mm). A detailed description of procedures used to measure volume of brain regions at baseline and to calculate volumetric change over follow-up is provided elsewhere (Pfefferbaum et al., 2006c; Rohlfing et al., 2006) . Analysis of baseline scans employed atlas-based parcellation in which each individual scan was aligned to a template brain mask on which regions had been identified. Measures of lateral ventricular volume were corrected for normal variations associated with supratentorial cranial volume (head size) and age from a larger sample of healthy adults (Pfefferbaum et al., 2006c) . Thus values for ventricular volume used in this analysis took normal differences in age and head size into account.
Analysis of change for each individual employed a series of image registrations between baseline and follow-up scans. To avoid computational bias that could potentially favor either volume increase or decrease, the two images for each subject were registered in both directions. From the two resulting forward and backward coordinate transformations, an inverse-consistent map of local volume changes (Jacobian determinants) was computed at each pixel for each subject (Rohlfing et al., 2006) . Change values for each pixel within two regions defined from a standard brain image template encompassing (1) the lateral ventricles and (2) the fourth ventricle were integrated to approximate volume change in each structure and converted to a number above or below 100 reflecting the percent of volume increase or reduction in the follow-up interval (Fig. 1) .
Statistical analysis
Baseline measures for alcoholics and controls and future Abstainers and Relapsers were compared using ttests. One-tailed significance levels were employed to identify hypothesized deficits in cognitive performance, gait and balance, and brain measures in alcoholics compared to controls with family-wise Bonferronicorrection as follows: for the five (verbal, visual, general, attention/concentration, delayed) WMS-R scales, P = 0.02; for the three WASI scales (verbal, performance, full), P = 0.03; for the two ataxia scales (eyes-open, eyesclosed), P = 0.05. Cognitive and ataxia recovery effects in the Abstainers were assessed with repeated measures ANOVAs for Group (Control, Abstainer) and Time. Group × Time interactions at the trend level were followed up with one-tailed paired t-tests given the overarching hypothesis that sobriety would result in improved scores. Repeated measures ANOVAs were limited to Abstainers and controls because drinking patterns in the small sample of Relapsers were highly variable with regard to quantity, frequency and recency.
To assess the relationship between behavior change and ventricular volume change (expressed as a number above or below 100, or percent over baseline) behavior change was also expressed as a percent of baseline score and converted to a number above or below 100. Oneway ANOVA evaluated group effects (Control, Abstainer, Relapser) on lateral and fourth ventricular change. The relationship between percent change in behavior and brain was assessed with Spearman correlations because of small sample size and presence of statistical outliers. Pearson or Spearman correlations were used to test associations between subject descriptors and brain or behavioral change. Statistical analyses were conducted using Statview 4.5 (SAS Institute Inc. Cary, NC, USA). Table 1 summarizes the demographic, clinical, cognitive, and brain characteristics of controls (n = 26) and alcoholics (n = 15), and the subgroups of Abstaining (n = 10) and Relapsing (n = 5) alcoholics at their baseline test. In addition to means and standard deviations, Table 1 provides statistics for all group comparisons of demographic and study variables.
Results
Baseline demographic, clinical, and cognitive characteristics
Controls vs. Alcoholics
Alcoholics were of similar age, body mass index, socioeconomic status, and premorbid intelligence as controls. The groups also comprised equivalent proportions Fig. 1 . Illustration of process for generating volume change maps and for computing structure-specific volume change values. The MR image from time b is registered nonrigidly to the image from time a. The map of local volume changes (Jacobian determinants of the deformation field) is transformed into the standard image coordinate space for inter-subject analysis. Regions of interest were defined in standard space for the lateral ventricles and the 4th ventricle. Integrating the local volume changes in each subject over each of the two regions of interest yielded the structurespecific relative volume changes used for statistical group comparisons and regression modeling. of women and both were predominantly Caucasian. However, alcoholics had fewer years of education, had drunk more alcohol, and were more likely to be a current smoker and have a positive family history of alcoholism than controls. These alcoholics also achieved lower scores than controls on the Dementia Rating Scale, WASI Performance, and Full Scale Intelligence indices. Alcoholic's scores on the WMS-R General and Visual Memory indices, though lower than controls, did not meet Bonferoni-corrected levels for significance (Table 1) . Furthermore, alcoholics and controls did not differ in an amnesia index, that is, the difference between WASI General Intelligence and WMRS-R General Memory (IQ-GMI) (Oscar-Berman et al., 1993) . Alcoholics performed worse on the ataxia battery than controls, particularly in the eyes-closed conditions. At baseline, the alcoholics had a 0.34 S.D. enlargement of the lateral ventricles compared with controls but the difference was not statistically significant. Fourth ventricle size did not differentiate groups at baseline.
Relapsers vs. Abstainers
These two subgroups of alcoholics were demographically and clinically similar at baseline, with the exception that Relapsers had a lower BMI and were rated higher on the Global Assessment of Functioning Scale than Abstainers. Both groups achieved similar scores on general cognitive indices, with the exception that the Relapsers tended to have better verbal and general memory scores than Abstainers. At baseline, the two alcoholic groups did not differ in ataxia scores or brain volumetric measures. However, the groups did differ in mean length of sobriety when they entered the study. Of the 10 Abstainers, eight were first tested within 2 months of sobriety, while only two of the five Relapsers were first tested within 2 months of sobriety and two were tested when they had been sober for over 1 year. Because of these differences, we used baseline length of sobriety as a covariate in one-way ANCOVAs comparing Abstainers and Relapsers. This covariate eliminated group differences for Global Assessment of Function, Verbal Memory, and General Memory; however, BMI difference was sustained. The lack of group difference for ventricular volume or Eyes Closed Balance and Gait also endured when baseline sobriety was considered.
Although a past history of comorbid condition was not predictive of drinking outcome in this study (χ 2 = 1.9, P = 0.17), those currently afflicted tended to be more likely to relapse (χ 2 = 5.0, P = 0.08).
Change in standardized memory and intelligence scores
Repeated-measures ANOVAs for controls and abstaining alcoholics identified a Group × Time interaction for the WMS-R General Memory Index (F (1,33) = 5.61, P = 0.024) but not the WASI General IQ Index (F (1,33) = 0.02, ns) ( Fig. 2 upper panel) . Of the other memory indices, only the Verbal Memory Index showed a significant Group × Time interaction (F (1,33) = 4.37, (Fig. 2, lower panel) . Examination of each of the two tests that comprise the Verbal Memory Index, Logical Memory (Story Recall) and Verbal Paired Associates, revealed trends for an interaction for Logical Memory (F (1,33) = 3.25, P = 0.08) and Verbal Paired Associates (F (1,33) = 2.54, P = 0.12). Paired t-tests showed that differences between baseline and followup scores were not significant for any group on Verbal Paired Associates. By contrast, for the Logical Memory subtest, controls (t (24) = 2.2, P = 0.02, 1-tailed) and Abstainers (t (9) = 3.14, P = 0.005, 1-tailed) both improved over time (Fig. 2, lower panel) . In contrast to the WMS-R, there was no significant Group × Time interaction for WASI Verbal, Performance, or Full Scale IQ indices (all P's were > 0.4, 1-tailed).
Change in balance and gait
Repeated-measures ANOVAs for controls and Abstainers identified a trend for a Group × Time interaction for Ataxia with eyes-closed (F (1,34) = 3.1, P = 0.09), but not with eyes-open (Fig. 3) . Paired ttests between baseline and follow-up did not identify significant differences for either Abstainers or Controls.
Change in brain structure
One-way ANOVA for percent change in lateral ventricular volume between baseline and follow-up identified a group (Control, Abstainer, Relapser) effect (F (2,38) = 7.4, P = 0.002). Follow-up paired t-tests indicated significant differences between Abstainers and Relapsers (t = 2.7, P = 0.01, 1-tailed) and between Controls and Relapsers (t = 3.59, P = 0.0006, 1-tailed), but not between Controls and Abstainers. This effect reflected an increase of ∼17% in volume for the Relapsers compared with increases of only 1% for Abstainers and 3% for Controls. Although change in fourth ventricles between baseline and follow-up showed the same profile of group differences as seen in the lateral ventricles the group effect was not significant (F (2,38) = 1.22, P = 0.3); Relapsers increased by ∼ 2%, controls reduced by ∼3%, and Abstainers reduced by ∼3%.
Association between brain and behavior
Memory: Changes in lateral ventricular volume and the WMS-R General Memory Index were significantly associated across all alcoholics (Rho = − 0.63, P < 0.02), but not across controls (Rho = − 0.26, P = 0.19) (Fig. 4) or in subgroups of Abstainers (Rho = − 0.53, P = 0.11) or Relapsers (Rho = − 0.10, P = 0.85) examined alone. By contrast, changes in fourth ventricular volume and the WMS-R General Memory Index were not significantly associated in either alcoholics (Rho = − 0.27, P = 0.3), or in controls (Rho = − 0.12, P = 0.55).
Ataxia: Changes in fourth ventricular volume and Closed Eye ataxia tended to be associated across all alcoholics (Rho = − 0.464, P = 0.08), among Abstainers alone (Rho = − 0.61, P = 0.07), but not in controls (Rho = − 0.05, P = 0.79) or Relapsers alone. Changes in lateral ventricular volume and Closed Eye ataxia were not significantly associated in either alcoholics (Rho = − 0.42, P = 0.12) or in controls (Rho = − 0.07, P = 0.73).
Other contributors to change in verbal memory, ataxia, or ventricular volumes
We examined age, education, IQ, socioeconomic status, length of illness, global assessment of functioning, body mass index, lifetime alcohol, and length sober at baseline as predictors of percent change in memory, ataxia, lateral, or fourth ventricles in the alcoholics as a group. The only baseline variable that showed predictive power for either brain or behavioral change was length of sobriety. Greater length of sobriety at baseline was significantly associated with less memory improvement (Rho = − 0.558, P < 0.04) and more lateral ventricular (Rho = 0.538, P < 0.05) enlargement, but was not associated with gait or fourth ventricular change. Length of sobriety at baseline also showed a positive, though insignificant, association with memory performance at baseline (Rho = 0.474, P = 0.13), but was not related to baseline lateral ventricular volume (Rho = − 0.14, P = 0.6).
The amount of alcohol drank in the follow-up interval and length of sobriety at follow-up testing were not related to change in memory or ataxia scores. 
Discussion
This naturalistic study of the effects of self-reported sobriety or continued drinking over a mean retest interval of 22 months identified memory and gait and balance as components of our test battery for which significant improvement was detected in self-proclaimed abstaining alcoholics relative to controls. By contrast, self-proclaimed abstaining alcoholics did not manifest greater improvement relative to controls on standardized measures of intelligence. A modest increase in lateral ventricular volume in the abstaining alcoholics was comparable to that seen in the controls, whereas relapsing alcoholics showed significantly greater lateral ventricular enlargement than either abstaining alcoholics or controls. While the changes in fourth ventricles did not differ between groups, the profile of change, with Relapsers showing increased volume relative to both controls and Abstainers, was similar to that observed for lateral ventricles.
This sample of previously treated alcohol dependent individuals is consistent with other samples in demonstrating considerable individual variation in vulnerability to the effects of alcoholism on cognitive performance. The fact that Relapsers manifest unimpaired memory at baseline compared with Abstainers suggests another dimension along which samples of people who have consumed large amounts of alcohol over their life differ: level of impairment ranges from notable to none. Lack of detected impairment may be more common in non-treatment seeking alcoholics than treatment-seeking ones (Fein and Landman, 2005) . Further, studies with larger samples have shown that familial alcoholism, antisocial personality, and physical well-being, all perhaps phenotypes for a more basic genetic trait, as well as age and education, can all predict level of neuropsychological deficits (Grant et al., 1984; Tarter and Edwards, 1986; Parsons, 1987b; Bates et al., 2002 Bates et al., , 2005 . Our study, however, does not have the power (cf, Bates et al., 2004) to determine whether such variables contributed to the Relapsers' initial superior performance.
Most (8 of 10) of the Abstainers were initially tested within only 2 months of sobriety, whereas most (3 of 5) of the Relapsers were tested after more than 6 months of sobriety. Across the entire sample, alcoholics who had been sober longer at study entry tended to perform better on the memory tests, and this higher baseline may have also contributed to lack of change among the Relapsers. Sobriety at baseline, however, was not associated with baseline ventricular volume, but did predict subsequent change-longer sober showed more enlargement, an effect that may have been driven by one participant, sober for over 2 years at study entry, who relapsed during the follow-up period.
While the five Relapsers were high performers at study entry, four of them showed reduction on the General Memory Index at retesting. This reduction in memory performance among the Relapsers is difficult to interpret, especially as they differed widely in length of sobriety at first assessment, were retested at varying intervals and had consumed highly variable amounts of alcohol between assessments. The extent to which lower memory performance of the 10 Abstainers at study entry was due to innate differences from the Relapsers or recency of testing since attaining sobriety is unknown. However, nine of the Abstainers showed memory improvement at retest that was on average greater than that seen in controls. This suggests that sobriety enhanced the normal practice effect on self-cuing and active retrieval needed to perform various memory tasks, an effect particularly evident for Story Recall.
The amount and direction of change in overall memory performance as indexed by the WMS-R across all alcoholic subjects was related to amount of change in the lateral ventricular volume. Our measure of lateral ventricular volume might be taken as an approximation of the integrity of adjacent structures and regions invoked in the WMS-R battery (cf, Symonds et al., 1999) . These include frontal lobe systems, used for strategic executive function, such as self-cueing and semantic organization (Incisa della Rocchetta and Milner, 1993; Fletcher et al., 1998; Savage et al., 2001) , and medial temporal lobe structures used for nonstrategic declarative memory (Zola-Morgan and Squire, 1992; Corkin et al., 1997) . Importantly, associations were not present between change in memory and change in the fourth ventricle, a CSFfilled space adjacent to the cerebellum.
The alcoholics in this study (both Relapsers and Abstainers) also showed evidence for improvement in ataxia over time relative to the controls. However, improvement in ataxia was modestly associated with decreases in volume of the fourth ventricle, specifically in Abstainers, but showed no association with change in volume of the lateral ventricles. The proximity of the fourth ventricle to the cerebellum makes it a proxy measure for this complex structure (cf, Symonds et al., 1999) , the integrity of which is associated with static balance and gait (Sullivan et al., 2000a . The lack of association between change in either behavioral measure and either ventricular volume among the controls may reflect a limited range of age-related change occurring over 1 year among controls compared with greater recovery, or exacerbation-related change, occurring among the alcoholics. This report is limited by its small sample size, varying lengths of sobriety at study entry, and reliance on self-reported estimates of drinking that varied across subjects in quantity, recency, and duration. Despite these limitations, this naturalistic study provides support for the concept that fluctuations in the volumes of CSFfilled space may provide a proxy measure for structural brain changes associated with cognitive and motor processes that are amenable to recovery with sobriety. The results need to be evaluated in a larger sample, matched on length of sobriety at baseline, and with expanded assessments of regional brain change.
